Abstract

Introduction
Expression of the clustered homeobox (Hox) genes is positional and temporally orchestrated during embryonic development. This stringent regulation provides the basis for their function as determinants of cell fate. Several fundamental studies over the past years have highlighted the importance of homeobox-containing proteins in the regulation of hematopoiesis 1 2-4 . Hoxb4 is normally expressed in human and mouse hematopoietic progenitor cells in bone marrow (BM) 5 and fetal liver (FL) 6 , and engineered overexpression of this gene has been shown by several groups to be sufficient to induce expansion of the hematopoietic stem cell (HSC) pool both in vitro and in vivo [7] [8] [9] [10] .
Importantly, Hoxb4-transduced HSCs regenerated the HSC pools of recipients up to, but not above normal levels, and have never been associated with leukemic transformation 7, 8 .
Establishment of definitive hematopoiesis is characterized by pronounced self-renewal activity in the HSC pool 11 and likely provides HSC populations sufficient for maintenance of steady-state hematopoieisis throughout the life-time of organisms.
Hoxb4 is highly expressed during this extensive HSC expansion 12 . Moreover, retroviral overexpression of Hoxb4 in ES cells has been shown to enhance the hematopoietic potential of ES cells 13, 14 . These findings support a physiological role for Hoxb4 in regulation of HSC self-renewal.
Although overexpression of Hoxb4 induces noticeable expansions the HSC population,
Hoxb4
-/-mice appear to be healthy and fertile 15, 16 , suggesting that Hoxb4 is dispensable for establishment of definitive hematopoiesis. They exhibit no gross abnormalities during steady-state hematopoiesis, and appear to have normal HSC compartments 16 .
However, whether Hoxb4 is required to establish the full potential of HSCs remains to be elucidated.
Studies using compound Hox KO mice demonstrated that functional redundancy is common within the Hox clusters [17] [18] [19] . The fact that Hoxb4 deficiency exerts no major effect on development in general, or on hematopoiesis in particular, might thus be due to compensatory mechanisms intrinsic to the homeotic network.
To explore the possibility that functions of Hoxb cluster genes in regulation of HSC 
Materials and methods
Animals
Mutant mice for Hoxb4 and Hoxb1-b9 were generated by R. Ramirez-Solis 15, 22 .
Engineering of the Hoxb4 mutant was achieved by standard targeting procedure and Hoxb1-b9 mutant was achieved by using targeting of loxP sites in ES cells followed by Cre-induced recombination.
Hoxb4 and Hoxb1-b9 mutant mice were >5 times backcrossed in the C57Bl/6J strain and analysed for the presence of the mutation by Southern blotting on genomic tail DNA digested with BamH I (Hoxb4) or EcoR V (Hoxb1-b9). Membranes were hybridized with either a probe for Hoxb4 (Hoxb4 -/-) or for the region of Hoxb1 still present in the Hoxb1-
. β-ME, 2 mM glutamine and 0.2 ng/ml IL-7. Colonies were scored on day 8.
FACS analysis and sorting
Myeloid and lymphoid populations in BM, spleen and thymus of 3-4 months old healthy
Hoxb4
-/-mice were determined using the following antibodies CD4-FITC, CD8-PE, B220- 
Results
Hoxb4 gene expression in E14.5 fetal liver cell fractions enriched for HSCs.
The expression of all Hoxb cluster genes was analyzed in "stem-cell enriched" c-Kit positive fraction of E14.5 mouse fetal liver cells using Q-PCR. Five out of ten Hoxb genes were expressed, namely Hoxb4, Hoxb5, Hoxb3, Hoxb8 and Hoxb2 (Fig.1a) .
Interestingly, Hoxb4 was expressed at the highest level (156 copies per 50ng of total RNA), followed by its direct neighbours Hoxb5 and Hoxb3 (93 and 56 copies, respectively). Hoxb8 and Hoxb2 were expressed at much lower levels (27 and 13 copies, respectively), while expression of the remaining Hoxb genes was barely detectable (copy number below 10). For personal use at PENN STATE UNIVERSITY on February 23, 2013. bloodjournal.hematologylibrary.org From mutant mice harbouring a large deletion encompassing most Hoxb cluster genes (Hoxb1 to Hoxb9) was evaluated with a specific emphasis on the stem cell compartment.
Complete Hox expression profiling of Hoxb4
Hox expression profiling in purified c-Kit+ Hoxb1 to Hoxb9 -/-fetal liver cells
The most notable finding from the Q-PCR analysis of Hox gene expression in Hoxb1-b9 -/-cells was a dramatic decrease in expression of Hoxa11 (23-fold) compared to wild type (Fig. 1c) . This result suggests that expression of Hoxa11 is regulated by one or more
Hoxb genes, or by the transactivating regulatory elements located in the region spanning the Hoxb1 to Hoxb9 loci 20, 21, 25 . In addition to the decrease in Hoxa11 expression, all
Hoxa genes, except Hoxa13, were expressed at levels lower than those determined for the wild type cells, ranging from 1.7 to 5.8 fold differences in copy numbers. In contrast, three genes from the Hoxc cluster showed a substantial increase in expression: Hoxc4 (6.9 fold), Hoxc9 (4.5 fold) and Hoxc11 (4.2 fold). Similary to Hoxb4 -/-cells, the basal levels of the Hoxd cluster expression were negligible. Overall, deletion of 9 Hoxb genes resulted in moderate to noticeable alterations in the expression of several distinct Hox genes located in other clusters. The lack of a simple compensatory event underscores the complexity of the "Hoxome", and suggests that multiple cross talk events are involved in the integrated output of the Hox gene expression network.
Hoxb4 mutant mice have no gross hematopoietic anomalies
Subsequently, the hematopoietic compartments of Hoxb4 -/-mice were analyzed for the presence of any detectable anomalies. Homozygous Hoxb4 -/-mice were healthy and fertile. Cellularity in BM, spleen and thymus was comparable to that of control littermates (Fig.2a) . Subpopulations of lymphoid and myeloid lineages were evaluated by flow cytometry. There was no over-or under-representation of mature B-cell, T-cell or myeloid populations (Fig. 2b) (Fig. 2c center   panel) . Moreover, the proliferation (i.e., colony size) and differentiation potential of these mutant progenitors were also similar to wild-type controls (Fig 2c right panel for myeloid progenitors and data not shown for erythroid progenitors). Together these results reveal the absence of a cell autonomous defect in our mutant progenitors and point to extrahematopoietic anomalies for the observed reduction in FL cellularity. . Such disparity might be a result of the targeting strategy employed, i.e., their mice were engineered using the Cre-loxP system, which removed the complete gene and brings Hoxb3 and Hoxb5 physically closer, and Hoxb4 -/-mice used in this study were targeted in the first exon with a selection cassette driven by the pgk promoter. The concept that targeting procedures can affect the phenotype is supported by differences in skeleton formation in the Hoxb4 deficient models 15, 16 . Moreover, the expression of Hoxb2, -b3 and -b5 genes in Cre/loxP Hoxb4 deficient mice is significantly reduced, while the expression of these genes does not change in our mutant mice. Although the different targeting procedure might influence the expression of the neighbouring Hox genes, this can also be a result of the difference in the sorted population (c-Kit+ vs Ter119 depleted).
Hoxb mutant cells are competitive in reconstitution of irradiated hosts
Hoxa11 is the only gene that showed a dramatic change in expression in Hoxb1-b9 -/-.
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The levels decreased 23 fold from over 1000 copies to an average of 50 copies of mRNA. There is one report describing two families suffering of amegakaryocytic thrombocytopenia with absent radii associated with a mutation in the HOXA11 gene Analysis was carried out in triplicate on cDNA from total RNA and data processing was done as described by Thompson et al.
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